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Variation in HIV-1 genomic RNA was studied in seroconversion samples from mother–child pairs from a Rwandan cohort.
The mothers (n  8) were heterosexually infected and their children (n  6) were vertically infected by breast milk. Five of
the children seroconverted within the same 3-month period as did their mothers. Highly homogeneous subtype A V3 and
p17gag sequence populations were observed in three mother–child pairs, one of the two nontransmitting mothers, and one
child (mean nucleotide distances 0 to 0.9%). Heterogeneous populations of subtype A V3 and p17gag sequences were found
in one mother and a mother–child pair (1.4 to 2.8% for V3, 1.0 to 1.9% for p17). The second nontransmitting mother was
infected with a heterogeneous AV1-V3/Cp17-p24 recombinant virus population (3.8% for V3, 2.4% for p17). Finally, in one woman
subtype C V3 sequences were observed, in addition to highly homogeneous subtype A V3 and p17gag sequence populations,
also found in the child. Coexistence of subtype AV1-V3 and CV1-V3 env sequences in the mother was confirmed in a follow-
up sample. The gag gene of both the maternal and the child’s virus population represented an A/C recombinant sequence
(Ap17/Cp24). An infection with subtype CV1-V3/p17-p24 was found upon testing of three additional participants of the mother–
child cohort, indicating that subtype C is present in Rwanda. In conclusion, heterogeneity, coinfection, and intersubtype
recombinants are not uncommon in primary HIV-1 infections in Rwanda. q 1997 Academic Press
INTRODUCTION selection upon transmission for virus with certain env
characteristics. Transmission of a more heterogeneous
Several studies have shown that shortly after infection
virus population in env has been documented in perina-
HIV-1 recipients generally have a highly or completely
tally infected children (Van ’t Wout et al., 1994; Lamers
homogeneous env sequence population, whether trans-
et al., 1994). It is suggested that this may reflect exposure
mission is sexual, parenteral, or vertical (Zhu et al., 1993,
to a large inoculum. Recently we described two parenter-
1996; Pang et al., 1992; Wolfs et al., 1992; Zhang et al.,
ally infected individuals exposed to different mixtures of
1993; Mulder-Kampinga et al., 1993, 1995; Wolinsky et
syncytium- and non-syncytium-inducing viruses. A com-
al., 1992; Scarlatti et al., 1993). Homogeneity is more
pletely homogeneous V3 sequence population of SI vi-
marked in gp120 than in gp41, Nef, or p17 (Zhu et al.,
ruses was observed following intravenous injection of a
1993; Zhang et al., 1993). This is distinct from the pattern small volume of blood; however, genotypically and phe-
of variation common to chronically infected persons (Zhu notypically distinct viral variants were found after intra-
et al., 1993; Zhang et al., 1993; Mulder-Kampinga et al., muscular injection of several milliliters of blood (Cornelis-
1995). It is therefore assumed that the homogeneity in sen et al., 1995). These data suggest that both the size
gp120 of env is not necessarily the result of transmission and the composition of the inoculum may influence the
of a very limited number of virions, but may result from chance of transmission of multiple env variants.
At the global level, heterosexual and mother-to-child
The nucleotide sequence data reported in this article have been transmission are the major routes of HIV-1 infections,
deposited with the GenBank Database under Accession Nos. Z47881- particularly in sub-Saharan Africa. Until now, most stud-
Z47891, Z47951-Z47965, Z75958-Z76073, Z76134-Z76372, Z76649-
ies concerned infections with HIV-1 subtype B (Wolfs etZ76650, and Z76706-Z76734.
al., 1992; Zhu et al., 1993; Zhang et al., 1993), so little is1 Present address: Department of Medical Microbiology, University
of Groningen, PO Box 30.001, 9700 RB Groningen, The Netherlands. known about the characteristics of the virus population
2 Present address: Centre Muraz/OCCGE 01 BP 153, Bobo Dioulasso, after heterosexual transmission of non-B subtypes in Af-
Burkina Faso. rica. In addition, postnatal transmission by breast milk,3 To whom correspondence and reprint requests should be ad-
which may account for one-fifth of Africa’s mother-to-dressed at the Department of Human Retrovirology, Academic Medical
child transmission cases (Simonon et al., 1994), has notCenter, University of Amsterdam, Meibergdreef 15, 1105 AZ Amster-
dam, The Netherlands. Fax: (31-20) 6916531. been well studied.
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From November 1989 to April 1994, Van de Perre et (Du Pont de Nemours, Wilmington, DE) (Lepage et al.,
1991).al. followed a Rwandan cohort of 212 mother–child pairs
who were HIV-1 seronegative at delivery. After a follow- We studied seroconversion samples and preserocon-
version samples, if available, from six mother–child pairsup period of 36 months, 20 women had seroconverted
(Leroy et al., 1994). At that time, 16 women were still and from two nontransmitting mothers. The serological
data of the mothers and children and the PCR results onbreast-feeding their children, of whom 10 became in-
fected (Van de Perre et al., 1991, 1992). Recently we DNA isolated from peripheral blood mononuclear cells
(PBMCs) of the children have been published previouslydescribed the results of sequence analysis of serocon-
version samples from one Rwandan mother–child pair (van de Perre et al., 1991, 1992). The pairs designated
3, 7, 8, 10, 11, 12, 15, and 16 in those reports correspond(Mulder-Kampinga et al., 1995). We observed consider-
able heterogeneity in the V3 region of the maternal virus to 081, 618, 439, 538, 730, 564, 082, and 566 in this study.
None of the mothers had received blood transfusions.population, which suggests transmission of multiple vi-
rus variants from one donor. A completely homogeneous Mothers 538 and 564 had each received one medical
injection, but these were given several months prior toV3 sequence population was observed in the child. Inter-
estingly, heterogeneity in the V3 region of env was also the last seronegative sample: 3 and 9 months, respec-
tively. Heterosexual transmission was therefore the mostfound in four of six seroconversion samples of Kenyan
female sexworkers infected with HIV-1 subtype A or D likely route of infection of these mothers. At least four of
the six children are considered to be infected by inges-(Poss et al., 1995). These results are in contrast to the
homogeneity generally observed in heterosexually in- tion of contaminated breast milk since both they and
their mothers seroconverted above 6 months after deliv-fected women in Europe and North America (Zhang et
al., 1993; Zhu et al., 1993, 1996). In the present study ery (Table 1). Cord blood samples from the other two
children, who seroconverted under 6 months after birth,we have examined seroconversion or preseroconversion
samples from an additional five mother–child pairs and were negative for proviral DNA (child 081) or viral RNA
(child 618). However, late in utero or intrapartum trans-two nontransmitting mothers from the Rwandan cohort.
Our aim was to analyze the variation in the virus popula- mission cannot be completely ruled out for these chil-
dren. Five of the six infected children seroconvertedtion shortly after infection following heterosexual trans-
mission and vertical transmission by breast-feeding in within the same 3-month period as their mothers, but
one child (564) seroconverted 18 months after maternalAfrica. Viral RNA was isolated from serum samples and
sequence analysis was performed on the V3 region of seroconversion. Infection of this child was associated
with the presence of a severe breast abscess in theenv and p17 region of gag. In cases where infection with
recombinant virus was suspected, because phylogenetic mother 16 months after she seroconverted (Van de Perre
et al., 1992). Sequence data on the seroconversion sam-analysis placed the V3 and p17 sequences in different
subtypes of HIV-1, we analyzed longer fragments of env ples of this mother–child pair have been published pre-
viously and are included in the present paper for compar-and gag to find possible intragenic crossover points be-
tween the subtypes involved in recombination. To en- ison only (Mulder-Kampinga et al., 1995).
From three additional participants of the mother–childhance the probability of finding infections with HIV-1 sub-
type C, in addition to infections with subtype A and with cohort, two mothers (226 and 134) and one child (074),
postseroconversion samples were studied by direct se-A/C recombinants, we studied postseroconversion sam-
ples from additional participants of the cohort. quencing of amplified cDNA to determine the subtype of
HIV-1.
MATERIALS AND METHODS
Molecular cloning and sequencing
Patients and sera
Genomic RNA was isolated from 100 ml of sera ac-
cording to the method of Boom et al. (1990). The experi-The mothers and their newborns described in this pa-
per were enrolled in a prospective cohort study in Kigali, mental conditions and the primers used for synthesis of
cDNA and amplification by nested PCR of the V3 region ofthe capital of Rwanda, between November 6, 1988, and
June 23, 1989. They were all HIV-1 seronegative at time env and p17 encoding region of gag have been described
previously (Mulder-Kampinga et al., 1993, 1995). For eachof delivery. Details of the enrollment, follow-up proce-
dure, and epidemiological characteristics of the cohort of tested samples of the mothers and children a specific
signal was visible on an ethidium bromide-stained aga-are described elsewhere (Lepage et al., 1991). Briefly,
serum samples were collected from mother and child at rose gel after the first PCR amplification procedure was
performed (data not shown). The detection limit of thedelivery, and then every 3 or 6 months. Screening for HIV-
1 antibodies was performed by an enzyme immunoassay first PCR is between 10 and 100 copies of DNA for both
the V3 and the p17 regions (Mulder-Kampinga et al.,(Vironostika, Organon Teknika, Boxtel, The Netherlands),
and positive samples were confirmed by Western blot 1993, 1995), suggesting that more than 10 molecules of
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TABLE 1
Characteristics of the Serum Samples Studied
Mean intrasample variation [% (range)] inb
Time of seroconversiona
(neg/pos) V3 region of env p17 region of gag
Pair Mother Child Mother Child Mother Child
564c 9/12 24/30 2.8 (0.4–4.7) 0.0 1.0 (0–2.3) 0.3 (0–0.8)
081 0/3 0/3 0.5 (0–1.4) 0.5 (0–1.4) 0.1 (0–0.5) 0.1 (0–0.5)
538 3/9 6/9 0.7 (0–1.4) 0.7 (0–1.8) 0.5 (0–1.3) NAd
082 12/15 12/15 0.7 (0–1.5) 0.7 (0–1.5) 0.5 (0–1.0) 0.9 (0.3–1.3)
730 6/12 Uninf.d 0.6 (0–1.4) — 0.4 (0–1.0) —
618 3/6 3/6 1.4 (0–3.3) 2.2 (0–3.6) NA 1.9 (0–3.1)
439 6/9 Uninf. 3.8 (0.4–7.3) — 2.4 (0.3–4.4) —
566 15/18 15/18 9.0 (0–24.3)e 0.5 (0–2.2) 0.5 (0–1.0) 0.3 (0–0.8)
a The time of collection of the samples is expressed in months with regard to the time of childbirth. neg, last seronegative sample; pos, first
seropositive sample. Sequences were obtained from the last seronegative sample (mother 082) or from the first seropositive sample (all other
mothers and children).
b Intrasample variation is calculated for nucleotide sequences. The fragments analyzed consisted of 276 to 282 bp for the V3 region and of 384
to 390 bp for the p17 region.
c Results of this mother–child pair have been published previously and are included in the present paper for comparison only (Mulder-Kampinga
et al., 1995).
d NA, not available; Uninf., uninfected.
e The sample contained V3 sequences of the subtypes A and C. The mean nucleotide distance between the 18 clonal sequences of the subtype
A was 1.0% (range 0 to 3.6%).
cDNA were amplified from each sample and for each sitions 1587 to 1906). Conditions for synthesis of cDNA
with the outer antisense primers and for amplification byregion. For direct sequencing of uncloned PCR products,
the second PCR was performed with primers extended PCR were as described for amplification of the V3 and
p17 region, except for optimization of the MgCl2 in theat the 5* end with an Sp6 site (sense primer) or T7 site
(antisense primer). The outer V3 primers are known to PCR mixtures. For the V1–V3 region, the MgCl2 concen-
tration used for the first and second PCR was 3.0 andamplify sequences from subtypes A to G (Lukashov et
al., 1996; De Wolf et al., 1994). To control for skewing of 2.4 mM, respectively. For the p17–p24 region it was
2.4 mM.the sequence population due to possible mismatches
with the inner KSI primer set, direct sequencing was Cloning of the PCR fragments was carried out with the
T-A cloning kit (Invitrogen, San Diego, CA) according toalso performed from PCR products generated with an
alternative primer set, 5*Sp6V3 and 3*T7V3 (De Wolf et the manufacturer’s recommendations. Colonies were
screened by PCR as described previously (Mulder-Kam-al., 1994). These primers are located just upstream (5
positions) and downstream (4 positions) of the sense pinga et al., 1995). PCR products of the expected size
were used for sequencing. Sequencing was performed5*KSI and antisense 3*KSI primers, respectively, and they
contain several inosines to optimize annealing at posi- with dye-labeled Sp6 and T7 primers (Taq dye primer
cycle sequencing kit; Applied Biosystems, Foster City,tions found to be heterogeneous in the Los Alamos data-
base. CA; Thermo Sequenase fluorescent-labeled primer cycle
sequencing kit; Amersham International plc, Bucking-Amplification of the V1–V3 region was performed with
the outer primers V1V2-1 [sense 5*TGTGTACCCACA- hamshire, England). The products were analyzed on an
automatic sequencer (Applied Biosystems; DNA se-GACCCCAACCC, HXB2 positions 6343 to 6365 (Myers
et al., 1990)] and 3*V3NOT (Mulder-Kampinga et al., 1993) quencer Model 370A and Model 373A stretch). The rate
of misincorporations introduced during PCR and cloningand the inner primers V1V2-2 (sense 5*GAGGATATAATC-
AGTTTATGGGA, HXB2 positions 6539 to 6561) and 3*K was 0.22 to 0.26% for the V3 region and 0.03 to 0.11%
for the p17 region (Mulder-Kampinga et al., 1995).S I C A (a n t i s e n s e 5*G T A A T T T C T A A G T C C C C T C C,
HXB2 positions 7319 to 7338). Amplification of the p17
region to two-thirds of the p24 region was performed Precautions taken to avoid contamination
with the outer primers GAG-1 (Mulder-Kampinga et al.,
1995) and SK39 (Ou et al., 1988)) and the inner primers Preparation of aliquoted reagentia, isolation of RNA,
and preparation of RT and PCR mixtures (performed inGAG-2 (Mulder-Kampinga et al., 1995) and GAGAE-3
(antisense 5*ACTATTTTATTTAATCCCAGGAT, HXB2 po- separate hoods, each furnished with its own materials),
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and the amplification itself and the analysis of amplified site configurations are possible, two linking the putative
recombinant with one parental sequence or the other,products were carried out in three geographically differ-
ent locations in the Academic Medical Center in Amster- plus one linking it with the outgroup. The latter type of
informative site should be relatively rare and scattereddam. To control for contamination, HIV-1-negative sam-
ples (water samples) were isolated, reverse-transcribed, along the alignment or else the sequences are too diver-
gent for analysis. The regions were chosen so as toand amplified by nested PCR in parallel with the tested
serum samples. The water samples were never found to maximize the statistical significance (assessed by a het-
erogeneity x2 test with 1 degree of freedom) of the differ-be positive for HIV-1 DNA.
ence in the distribution of sites supporting the phyloge-
nies of the putative parenteral strains.Analyses
For the V3 region, we analyzed a 276- to 282-bp frag- RESULTS
ment (HXB2 positions 7031 to 7312). The fragment ana-
The mothers seroconverted within 3 to 18 months afterlyzed for the p17 region consisted of 384 to 390 bp (HXB2
delivery (Table 1). Except for child 564, all children sero-positions 858 to 1247). A consensus sequence was de-
converted within the same 3-month period as did theirrived by assigning to each position the nucleotide or
mothers, suggesting vertical transmission during thededuced amino acid found most frequently, i.e., in at
acute phase of maternal infection. The seroconversionleast 50% in the individual clones.
samples studied were collected 3 or 6 months after aAll calculations were carried out with nucleotide se-
seronegative sample (Table 1). From four of the six in-quences. Pairwise comparisons were performed to es-
fected children, the last seronegative sample had beentablish proportional nucleotide distances (p distances)
previously tested for proviral DNA in PBMCs [childrenwith pairwise gap deletion in the computer program
081, 082 and 618 (Van de Perre et al., 1991, 1992)] and/MEGA (Kumar et al., 1993). The mean intrasample varia-
or for viral RNA in serum (children 082, 564, and 618).tion was expressed as the mean of the p distances be-
One child tested for both (618) was positive for proviraltween clonal sequences. The increase in variation due
DNA and RNA in the last preseroconversion sample, butto Taq errors is expected to be about twice the misincor-
negative for viral RNA in the 6-month preseroconversionporation rate, taking into account that misincorporations
sample (cord blood). Unfortunately, the RNA positive pre-have been found to be randomly distributed (Mulder-
seroconversion sample was no longer available, and se-Kampinga et al., 1995).
quence analysis was performed using the seroconver-Phylogenetic analysis was done using the neighbor-
sion sample. Sequences were obtained from one motherjoining method (Saitou and Nei, 1987) and the Kimura
(082) from the last seronegative sample. The 6-monthtwo-parameter model for calculation of distances (Ki-
preseroconversion sample from this mother and the 3-mura, 1981) as implemented in the computer program
and 6-month preseroconversion samples from her childMEGA. The statistical strength of the tree was assessed
were negative for viral RNA. Preseroconversion samplesby bootstrap resampling (200 data sets). For the V1–V3
from the other mothers and children were not availableregion, analyses were done with a 670- to 673-bp frag-
for testing.ment (HXB2 positions 6562 to 7312). The parts of the
Some samples were initially analyzed only for the V3V1 and V2 with extensive length polymorphism, i.e., the
region, then later for p17gag. However, seroconversionpositions between 382 and 408 and between 507 and
samples from mother 618 and child 538 were not avail-522 of the consensus sequence of subtype A in the align-
able any more for analysis of p17gag.ment of Myers et al. (1994, pp. I-A-68 to 72 and I-A-76 to
78, respectively), were excluded from analysis since they Variation in the V3 region of env
contain few phylogenetically informative sites. Also, the
alignment of these regions is ambiguous. The fragments To check for skewing of the sequence population due
to possible mismatches with the inner primer pair usedanalyzed for the p17–p24 region consisted of 723 to 729
bp (HXB2 positions 858 to 1586). for generation of PCR product for cloning, PCR products
were generated with an alternative inner primer set andBreakpoints between genomic regions with different
phylogenetic origins were localized by a method de- directly sequenced, as described under Materials and
Methods. Comparison of the direct sequences with thescribed by Robertson et al. (1995). It utilized four se-
quences at a time: the putative recombinant sequence, clonal sequences did not indicate that skewing of se-
quence populations was a problem except for the samplethe consensus sequences of the two putative subtype
parents [taken from the Los Alamos Database (Myers et of mother 566, as will be discussed below.
Four patterns of variation were observed: (i) an essen-al., 1994)], and an outgroup [SIVCPZGAB (Myers et al.,
1994)]. In a four-sequence alignment, an informative site tially homogeneous V3 sequence population in both the
mother and the child; (ii) multiple, genotypically relatedis one at which two sequences share one nucleotide
and the remaining two share another nucleotide. Three variants in the mother, but a homogeneous population
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in the child; (iii) multiple, genotypically related variants again isolated from the mother and child’s samples and
clones were made from seminested PCR products gener-in both mother and child; and (iv) two distinct genotypes
with little variation in each genotype in the mother, but ated by the sense inner primer and the antisense outer
primer. From the seminested PCR products of the mater-only one genotype in the child.
nal sample, 8 clones were similar to the 10 clones gener-
(i) Highly homogeneous sequence populations were ated from the nested PCR product, whereas 2 clones
found in samples of the mother–child pairs 081, 538, and were highly divergent. The distance between the two
082 and in the nontransmitting mother 730. The intrasam- groups of sequences averaged 22.5%. Phylogenetic anal-
ple variation in these samples ranged from 0.5 to 0.7% ysis placed them in two distinct subtype clusters: subtype
(Table 1). This is in the range of, or only slightly higher A (consensus sequence) and subtype C (sequence 18,
than, the expected artificially introduced variation (0.5%). see Fig. 3). Follow-up samples from this mother–child
Moreover, the variation observed in these samples repre- pair were examined as part of an evolution study (Simo-
sented primarily randomly distributed substitutions, sug- non et al., manuscript in preparation). The two groups of
gestive of Taq misincorporation errors (Fig. 1). In each of V3 sequences were detected in all maternal follow-up
these mother–child pairs, the major variant in the child’s samples studied, and we saw evidence for a change in
sample was identical to the most commonly found variant these sequences over time. For example, from the 12-
in the maternal sample. and 24-month samples, the glutamate (E) at position 36
(ii, iii) Instead of randomly distributed substitutions, and histidine (H) at position 94, changed to a lysine (K)
the samples of the transmitting mothers 564 and 618 and arginine (R), respectively (Fig. 1). These results make
and the nontransmitting mother 439 showed identical it highly unlikely that contamination accounts for the two
substitutions in several clonal sequences (Fig. 1). In addi- divergent sequence populations. Moreover, the se-
tion to substitutions, the sample of mother 564 showed quences are clearly different from other subtype C se-
length polymorphism. The mean variation in these sam- quences so far generated in our laboratory, as well as
ples ranged from 1.4 to 3.8%, with maximum distances from published sequences in the Los Alamos database
of 3.3 to 7.3% (Table 1). This degree of variation is compa- (minimum nucleotide distance above 10%) (De Wolf et
rable to what is found in chronically infected individuals al., 1994; Myers et al., 1994; Lukashov et al., 1995). In
(Mulder-Kampinga et al., 1995; Zhu et al., 1993; Wolfs et child 566 we found only a highly homogeneous popula-
al., 1991; Cornelissen et al., 1995; Delwart et al., 1993). tion of subtype A sequences of which the major variant
A completely homogeneous population was found in was identical to the major variant found in the mother.
the child of mother 564, representing a variant not de-
Given the absence of positively charged amino acidstected in the maternal seroconversion sample or in sam-
at positions 11 and 25 of the V3 loop (corresponding toples collected 4 months before and 2 months after the
positions 37 and 51 in Fig. 1), all mothers and childrenpresumed time of transmission (Mulder-Kampinga et al.,
are predicted to be infected with non-syncytium-inducing1995; Simonon et al., manuscript in preparation). In con-
isolates (Fouchier et al., 1992; De Jong et al., 1992; Detrast, a heterogeneous population was found in the child
Wolf et al., 1994).of mother 618 (mean variation 2.2%). Only one of the
variants in that child’s sample (sequence 8) was identical
Variation in p17 encoding region of gagto one found in the maternal sample (sequence 14). How-
ever, the degree of variation along with several amino (i) As in the V3 region, variation in p17gag was minimal
acid substitutions shared by the mother and child sam- in the samples from mother–child pairs 081 and 082, the
ples suggests that part of the variation in the child’s transmitting mother 538, and the nontransmitting mother
sample resulted from transmission of multiple maternal 730. The mean intrasample variation was 0.1 to 0.9%
variants. Sampling artifacts, different compositions of the (Table 1). In child 082, however, the variation in p17gag
virus population in blood and breast milk, or changes in exceeded the variation in the V3 region. This phenome-
the maternal virus population following transmission may non has also been reported for sexual and parenteral
have interfered with the detection of the full spectrum of transmission cases (Cornelissen et al., 1995; Zhu et al.,
variants present in the mother. 1993; Zhang et al., 1993). In the other samples, more
(iv) The sample of mother 566 contained two distinct variation was observed in the V3 region than in p17gag,
V3 genotypes represented by the consensus sequence but this may reflect differences in artificially introduced
and sequence 18 (Fig. 1). The mean variation within each variation, which was found to be higher for the V3 region
genotype was only 1.0% and nil, respectively. The exis- than for p17gag.
tence of sequences like sequence 18 became apparent In pair 081, the most common variant in the maternal
after the direct sequencing of PCR products generated sample was identical to the major variant in the child’s
by the alternative nested primer pair. These sequences sample (Fig. 2). In pair 082, the consensus sequences
were found to have a mismatch with the antisense inner of the maternal and the child’s sequence populations
were identical. However, three positions (positions 43,KSI primer, which hampered their amplification. RNA was
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FIG. 1. Deduced amino acid sequences of the V3 region. Position 1 corresponds to amino acid 269 of the HXB2 envelope protein. The maternal
(M) and the child’s (C) sequences are aligned against the consensus sequence (Con) of the maternal sample. Dashes indicate identity with the
reference sequence; dots are gaps introduced to optimize alignment. The frequency of a particular sequence is given at the end of the sequence.
From clonal sequences that were identical to the consensus sequence except for one to three unique substitutions, only the unique substitutions
are shown. For example, eight nucleotide substitutions and one nucleotide deletion were observed in a total of five clonal sequences of the maternal
sample 081. The sample of mother 566 contained sequences of the subtypes A and C, represented by the consensus sequence and sequence 18,
respectively (see also text). For reasons of comparison, subtype C sequences derived from follow-up samples were included: M6, direct sequence
from the 6-month postseroconversion sample; M12, consensus sequence based on 10 subtype C clones from the 12-month sample; M24, one
clonal sequence from the 24-month sample. Explanation of symbols: ( ) silent substitution compared to the consensus sequence of the maternal
sample, (*) stop codon, (1) deletion of one nucleotide, (X) position heterogeneous for the amino acids E and R, (f) positively charged amino acids
at these positions are associated with syncytium-inducing capacity.
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FIG. 2. Deduced amino acid sequences of p17gag. Position 1 corresponds to amino acid 24 of the HXB2 p17 protein. The start of the p24 protein
is marked. For an explanation of the symbols, see the legend to Fig. 1.
45, and 46 in Fig. 2) were clearly heterogeneous in the position was found to be heterogeneous in the clones
as well as in the direct sequence (position 5 in Fig. 2).child’s sample, both in the clones and in direct se-
quences of amplified cDNA obtained from two separately A highly homogeneous population was also found in
child 566 (mean variation 0.3%, Table 1) and the majorperformed RT-PCRs. Heterogeneity at these positions
was not seen in the clones or the direct sequence of the variant was identical to one of the two major variants in
the maternal sample (Fig. 2).maternal sample.
(ii,iii) The samples from the transmitting mother 564,
child 618, and the nontransmitting mother 439 were het- Phylogenetic analysis
erogeneous as to the V3 region and also showed sub-
stantial variation in p17gag (mean variation 1.0 to 2.4%, To determine the HIV-1 subtype of the viral sequences
and to control for coinfections with genetically distinctTable 1).
In child 564 no V3 variation was observed, but six virus populations, phylogenetic analysis was performed
using the neighbor-joining method (Fig. 3).substitutions were found in p17gag (mean variation 0.3%,
Table 1). Five were silent substitutions, suggesting that The V3 and the p17gag sequences from each mother–
child pair clustered together (bootstrap values ⁄ 99%). Inthey might not all represent randomly introduced Taq
misincorporation errors (Fig. 2). The major variant in the accord with the observed nucleotide distances, phyloge-
netic analysis confirmed that the heterogeneity observedchild’s sample was also found in the maternal sample
(represented by the consensus sequence, Fig. 2). in the samples from mothers 564 and 439 and from pair
618 represented, in each case, infection with genotypically(iv) In contrast to what was observed for the V3 region,
the p17gag sequence population was highly homoge- related variants. The sequences from each of these sam-
ples clustered together (bootstrap values ⁄ 88%). Similarneous in mother 566 (mean variation 0.5%, Table 1). Apart
from some randomly distributed substitutions, only one results (data not shown) were seen upon inclusion of addi-
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FIG. 3. Phylogenetic trees based on the V3 region of env (A) and p17 region of gag (B). Consensus sequences were used for highly homogeneous
samples (mean variation £ 1%). For more heterogeneous samples, some clonal sequences with the maximum observed intrasample as well as
intersample distance (between the maternal and the child’s samples) were included in the analysis. The p17gag sequences from mother 618 (direct
sequence) and child 538 (consensus and clonal sequences) were derived from 3- and 6-month postseroconversion samples, respectively. 226M,
134M, and 074C are direct sequences from postseroconversion samples from three additional participants of the mother–child cohort. Representative
sequences (in italics) of HIV-1 subtypes A to H have been taken from the Los Alamos database (Myers et al., 1994) or previous publication (Mulder-
Kampinga et al., 1995). The gag sequence of BR025 represents a clonal sequence of amplified cDNA obtained from supernatant of a virus culture
(De Wolf et al., 1994). A consensus tree generated by neighbor-joining analysis is shown. Branch lengths were calculated by the Kimura two-
parameter algorithm. The numbers at the branch nodes represent bootstrap values in percentages (200 data sets). Individuals with HIV-1 subtype
C env and/or gag sequences are underlined.
tional subtype A V3 sequences from a total of 27 epidemio- postseroconversion samples from 3 additional partici-
pants of the mother–child cohort, which confirm that sub-logically unrelated persons, including 10 persons from
Rwanda (Myers et al., 1994; De Wolf et al., 1994). type A is the most prevalent subtype in Rwanda. How-
ever, we also found evidence for infections with subtypeAll published env or gag sequences derived from
Rwandan samples have grouped with subtype A se- C and with recombinant viruses of the subtypes A and
C. In the case of mother 439, the V3 sequences groupedquences, except for one isolate (VI169) from which the
gag sequence clustered with subtype F (Louwagie et al., with subtype A sequences, but those from p17gag
grouped with subtype C sequences. In mother 566, we1995, 1993; De Wolf et al., 1994; WHO Network for HIV
Isolation and Characterization, 1994). We have analyzed observed subtype A as well as subtype C V3 sequences,
but all p17gag sequences derived from seroconversionsamples from a total of 11 epidemiologically unlinked
infections, including seroconversion samples from 6 and postseroconversion samples (a total of 34 clones)
clustered with subtype A (Simonon et al., manuscript inmother–child pairs and 2 nontransmitting mothers plus
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FIG. 4. Phylogenetic analysis of the V1–V3 region and V1–V2 region of env [corresponding to positions 326 to 1021 and 326 to 756 in the
consensus sequence of subtype A in the alignment of van Myers et al., (1994), respectively] and p17–p24 and p24 region of gag (corresponding
to positions 70 to 791 and 392 to 791, respectively) of consensus or clonal sequences of individuals infected with putative A/C recombinants or
subtype C. For further information see the legend to Fig. 3. Within a subtype cluster only bootstrap values exceeding 50% are shown.
and child of pair 566 (material from the seroconversionpreparation). Finally, both V3 and p17 sequences derived
sample was no longer available). For the maternal sam-from mother 134 clustered with subtype C. Phylogenetic
ple, positive clones were additionally screened with theanalysis with clonal sequences generated from longer
KSI primers to select clones containing V3 sequencesfragments of env (V1–V3) and gag (p17 to two-thirds of
of either subtype A (PCR positive) or subtype C (PCRp24) confirmed that mother 134 was infected with HIV-1
negative). From each subtype, three clones were se-subtype C (bootstrap values ⁄ 99%, see Fig. 4).
quenced. Phylogenetic analysis, performed with the
whole V1–V3 region or with just the V1–V2 region,Analysis of the V1–V3 region and p17–p24 region of
placed the two groups of sequences clearly in either theputative recombinants
subtype A or the subtype C cluster, in accord with the
Since results from mother–child pair 566 and mother results obtained for the V3 region (Fig. 4). Comparing the
439 suggested infection by recombinants of HIV-1 sub- nucleotide sequences of the two groups of clones with
types A and C, we attempted to find recombination cross- the consensus sequences of subtypes A and C and
over points by analysis of larger fragments of the env checking the distribution of phylogenetically informative
and gag gene: the V1–V3 region and p17 to two-thirds sites did not reveal a recombination crossover point in
of the p24 region, respectively. For each region four to this part of the env gene (Fig. 5). However, the gag gene
nine clones were sequenced. from both the maternal and the child’s virus population
Mother–child pair 566. RNA was isolated from 12- represented a recombinant sequence of the HIV-1 sub-
types A and C: the p17 part fell into the subtype A clustermonth postseroconversion samples from both mother
AID VY 8318 / 6a22$$$223 12-05-96 13:12:46 vira AP: Virology
72 KAMPINGA ET AL.
FIG. 5. (A) Comparison of consensus sequences (based on three to nine clones) from the V1–V3 region of env and p17–p24 region of gag of
putative A/C recombinants with the consensus sequences of the subtypes A and C (Myers et al., 1994). Only positions which differ between the
consensus sequences of subtypes A and C are shown. The numbering is according to the consensus sequence of subtype A in the alignment of
Myers et al., (1994). (– ) Identity with the subtype A consensus sequence, ( ) identity with the subtype C consensus sequence; dots are gaps
introduced to optimize alignment. Results of analyses with individual clonal sequences were comparable to those obtained with the consensus
sequences. (B) Distribution of phylogenetic informative sites supporting subtype A (vertical line), subtype C (bold vertical line), or neither A nor C
(dotted line). Hatched and black boxes denote regions which are significantly more closely related to the consensus sequences of subtype A and
subtype C, respectively. Informative site analysis supported a recombination crossover point in the region indicated by the white box, specifically
between positions 382 and 327 (P  0.001) or between positions 474 and 511 (P  0.001). Results of analyses with individual clonal sequences
were comparable to those obtained with the consensus sequences.
(Fig. 3), but the p24 part fell into the subtype C cluster (P  0.001). Comparison with the A and C consensus
sequences were suggestive of a recombination cross-(Fig. 4). Comparing the consensus sequences with the
A and C consensus sequences and looking at the distri- over point between positions 409 and 422, which is just
downstream of the p17/p24 protease cleavage site. Al-bution of phylogenetically informative sites indicated
that, in both the maternal and the child’s virus population, though we have not amplified single cDNA molecules,
the observation of identical crossover points in each ofa crossover break point could be localized close to the
p17/p24 protease cleavage site (Fig. 5). Analysis of infor- the clonal sequences derived from the maternal and the
child’s samples excludes that the recombinant se-mative sites from both mother and child sequences indi-
cated a recombination crossover point in the region be- quences may have resulted from recombination events
during the PCR amplification.tween positions 382 and 511, specifically between posi-
tions 382 and 427 (P  0.001) or positions 474 and 511 Mother 439. The results obtained with the larger frag-
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ments were in accord with those seen for the V3 region oconversion samples of Kenyan female sexworkers in-
fected with HIV-1 subtype A or D (Poss et al., 1995).and p17gag: the V1–V3 region grouped with subtype A
sequences and the p17– p24 region clustered with sub- Apparently, infection with multiple env genotypes is not
a rare phenomenon following male-to-female transmis-type C sequences (Fig. 4). Comparison of the consensus
sequence with those of the subtypes A and C and the sion in Africa.
It has been suggested that women in general are moredistribution of phylogenetically informative sites did not
reveal a recombination crossover point between subtype likely than men to be infected by a heterogeneous virus
population (Poss et al., 1995). However, the observationA and C sequences in these regions (Fig. 5). Since no
proviral DNA and only a limited amount of serum was of heterogeneous V3 sequence populations in 8 of 14
blood samples from African women (4 in the study fromavailable from this mother, we were not able to amplify
full length viral genomes or to do gene walking (i.e., Poss et al. and 4 in this study), but only in 1 of 6 blood
samples from women infected in Europe and the Unitedby performing multiple PCRs of overlapping regions) to
determine a definite recombination crossover point. States suggests that there are true differences between
primary infections following male-to-female transmissionHowever, our results are highly suggestive that this
mother was infected with an A/C recombinant virus. The in Africa compared to Europe or the United States (Zhu
et al., 1993, 1996; Zhang et al., 1993; Poss et al., 1995).similar results obtained from two independently tested
aliquots of serum exclude the possibility that either sub- Additional studies are needed to determine whether ob-
served differences may be related to biological charac-type C gag sequences or subtype A env sequences re-
sulted from contamination during the process of RNA teristics of the HIV-1 subtypes involved or to societal
cofactors, e.g., infections of the genital tract, so commonisolation or amplification. Moreover, subtype C gag se-
quences had never been amplified in our laboratory be- in the African population (Bulterys et al., 1993). A recent
study suggests subtype-related differences in tropism forfore this sample was analyzed. We are not likely to have
missed the coexistence of subtype A and C virus popula- Langerhans cells which, according to a study with SIV
in macaques, may be the primary target cells for HIV-1tions in two gene products, because from each gene
regions were amplified with different primer sets. In addi- in the cervicovaginal mucosa (Soto-Ramirez et al., 1996;
Spira et al., 1996). However, these results are not yettion to primers mentioned under Materials and Methods,
amplification was also performed for just the p24 part of confirmed. Genital infections in either the donor or the
recipient may increase the effective inoculum, by in-gag by using other outer and inner sense primers than
for the p17–p24 region. A direct sequence of this region creasing virus shedding in the donor (Kreiss et al., 1994;
Ho et al., 1995; Moss et al., 1995) and passage of virusdid not provide evidence for the coexistence of two highly
divergent virus populations. through the mucosa via lesions in the epithelium. In addi-
tion, influx of lymphoid cells to the site of infection in-
creases the number of target cells for HIV-1. These fac-DISCUSSION
tors may promote the chance for infection with a hetero-
Heterosexual transmission
geneous virus population.
Although we have analyzed only small fragments ofIn four of eight heterosexually infected Rwandan
women a heterogeneous V3 sequence population was the HIV-1 genome, at least 2 infections with distinct A/C
recombinant viruses were detected from a total of 11found at time of seroconversion. These results are in
contrast to the homogeneity observed in seroconverters epidemiologically unlinked infections, i.e., in pair 566 and
mother 439. Mother 566 was found to be coinfected within Europe and the United States following sexual trans-
mission with HIV-1 subtype B (Zhu et al., 1993; Zhang two divergent virus populations, one with a subtype C
and one with a subtype A V1–V3 env sequence. Onlyet al., 1993; Wolfs et al., 1992; Pang et al., 1992). All
heterogeneous samples were collected 3 months after subtype A p17gag sequences were detected in the sero-
conversion and follow-up samples from this mother–the last seronegative sample, which is comparable to
samples studied in sexual transmission cases described child pair (Simonon et al., manuscript in preparation).
However, additional analysis including a large part of theby others (Zhu et al., 1993; Wolfs et al., 1992). The sam-
ples of mothers 564, 618, and 439 contained several p24 encoding region showed that the gag gene of both
the maternal and the child’s virus populations repre-heterogeneous positions in the V3 region, including the
V3 loop. This type of variation is not commonly seen sented a recombinant sequence of the HIV-1 subtypes
A and C, with a recombination crossover point in thewithin 6 months after seroconversion in persons infected
with HIV-1 subtype B (Wolfs et al., 1991; Van Wout et al., proximity of the p17/p24 protease cleavage site. Since
only subtype A envelope sequences were found in the1994; Zhang et al., 1993; Cichutek et al., 1992). So (part
of) the variation we observed is likely to represent simul- child’s samples, the recombinant gag gene was probably
part of the virus population with the subtype A envelopetaneous replication of multiple env variants, and not the
evolution of an initially homogeneous virus population. sequence. It is not clear if the two virus populations in
the maternal sample had the A/C recombinant gag geneInterestingly, heterogeneity in env was also found in ser-
AID VY 8318 / 6a22$$$223 12-05-96 13:12:46 vira AP: Virology
74 KAMPINGA ET AL.
in common, or if we may have missed the gag sequences infection in the mother remain generally preserved after
passage of the gastrointestinal mucosa and replicationof the virus population with the subtype C envelope se-
quences. Direct sequences from just the p24 region in the child.
In the three infants of mothers whose virus populationtaken from the 12-month sample, in which predominantly
subtype C V3 sequences were detected, also failed to was heterogeneous at time of seroconversion and trans-
mission, V3 and p17 sequence populations were highlysupport the presence of two divergent gag sequence
populations (data not shown). Mother 439 was apparently homogenous in two children (pair 564 and 566) and het-
erogeneous in one child (pair 618). As described for otherinfected with another type of A/C recombinant virus. The
V1–V3 region of env belonged to HIV-1 subtype A, and routes of mother-to-child transmission, transmission by
breast milk may result in a loss of the heterogeneity ofthe p17–p24 region of gag to subtype C, yet there is no
evidence that this mother was coinfected with both a the virus population, but transmission of multiple env
genotypes seems possible (Mulder-Kampinga et al.,subtype A and a subtype C virus population. A crossover
point could not be localized within the regions analyzed. 1995; Wolinsky et al., 1992; Scarlatti et al., 1993; Lamers
et al., 1994; Van ’t Wout et al., 1994).The finding of Rwandan infections with recombinants
of the subtypes A and C may seem surprising. Earlier In conclusion, our results suggest that primary infec-
tions with a heterogeneous virus population, coinfectionsstudies of 18 Rwandan isolates, including 13 samples of
the WHO network for HIV-1 isolation and characterization with different subtypes of HIV-1, and infections with inter-
subtype recombinants are not uncommon in the HIV-1-(collected in the same area as the samples of the Kigali
mother–child cohort) did not provide evidence for HIV-1 infected population in central Africa.
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